EGFR activation in late progenitor cells stimulates cell Asymmetric Distribution of EGFR in Mitotic Cells Results in Daughter Cells proliferation, migration, and astrocyte differentiation with Different EGFR Levels (Burrows et al., 1997). We examined EGFR distribution
To determine if asymmetric EGFR distribution during during and after progenitor cell divisions in vivo and mitosis can indeed lead to daughter cells with different in clonal cultures, allowing us to follow the progeny of EGFR levels, we used a pair assay (Shen et al., 2002) individual cells in order to determine their fate. Interestin which the progeny of each division can be followed. ingly, we found that a subpopulation of forebrain proSingle E13-E17 cortical cells were plated into culture genitor cells shows asymmetric EGFR distribution at wells at low density in serum-free medium containing late stages of mitosis, resulting in different levels of 10 ng/ml FGF2 (this medium was used throughout EGFR on daughter cells and subsequent differences in these studies, unless stated otherwise) and mapped to their behavior. Our study provides evidence that asymdetermine their location. For studies of E15-E17 cortex, metric EGFR distribution acts as a mechanism for genwe enriched the minor progenitor population, using the erating asymmetric neural cell divisions. 26.7% ± 5.4% at E13 and 17.8% ± 1.7% at E17 (Stusion in cortex varies temporally, being low prior to emdent's t test, p < 0.001; Figure 2B ). Some cortical probryonic day 13 (E13), and regionally, being higher in latgenitor cells that were observed in mitosis had asymeral than in medial cortex. It also varies within laminae: metric EGFR distribution, usually at telophase and from E13-15, EGFR is exclusively localized in ventricucytokinesis, as we saw in vivo ( Figure 2C and Table 1 ).
lar (VZ) and subventricular zones (SVZ), and, starting
We did not observe any asymmetric EGFR during metafrom E16, its expression is most intense in subplate and phase in culture, unlike in vivo; this discrepancy may marginal layers, with more diffuse staining in the interbe explained by loss of contact with neighboring cells. mediate zone and cortical plate. EGFR staining is
The frequency of EGFR asymmetric distribution at telostronger in basal than in dorsal embryonic forebrain.
phase and cytokinesis in E15-16 dividing cells was We found that EGFR appears concentrated at the lu-38.8%, while 23.1% of the resulting pairs had asymmetminal surface of the VZ ( Figures 1A-1C )-at low levels ric EGFR. Thus, the initial asymmetric EGFR distribufrom E13-14-but more marked at E15-17, when cells tion is lost in some pairs; for example, the EGFR low also began to show clear membrane localization of daughter may reexpress EGFR after mitosis, as occurs EGFR. We focused on dividing cells, identifying mitotic with Numb expression in Drosophila neuroblasts. EGFR cells by their condensed chromosome/chromatid morasymmetry was also observed when cells were grown phology revealed by chromosome staining. Mitoses in serum-free medium containing EGF rather than FGF2 were found mostly in the VZ; fewer were found in the (17.3% of dividing E17 cortical pairs in EGF were asym-SVZ and intermediate zone, and a few were dispersed metric for EGFR, compared to 17.9% in FGF2). in the cortical plate. Most dividing cortical cells have To confirm the asymmetric distribution of EGFR with EGFR distributed evenly over the entire cell membrane an independent method, we used a plasmid construct or show no expression at all (Figures 1M-1O ). However, containing EGFR fused with enhanced GFP (eGFP) at some dividing cortical progenitor cells show EGFR the C-terminal region (p-eGFP-N1-hEGFR; Carter and asymmetrically localized to one side ( Figures 1D-1L Sorkin, 1998) to transfect freshly isolated E12-E13 corand Movies S1 and S2 in the Supplemental Data availtical progenitor cells. Approximately 24 to 48 hr postable with this article online). In 21 E17 brain sections, a transfection, 2%-3% of cells expressed detectable total of 217 dividing cortical progenitor cells, from hEGFR-eGFP protein, mostly at low levels and in the metaphase to telophase, were examined; 111 were cell membrane, similar to endogenous EGFR ( Figure  EGFR + and 24 (21.6%) of these showed asymmetric 2D). Of 20 dividing cortical progenitor cells that were distribution. Of these 24 mitotic progenitor cells, 16 followed, 2 (10%) showed asymmetric eGFP distribuwere in the VZ and 7 were in the SVZ (1 was in the tion during cell division ( Figure 2D ). lateral migratory stream); 21 cells were at anaphase/ We also confirmed this result using a ligand-labeling telophase and 3 were at metaphase. Figure 3F ). ing 20 ng/ml EGF with no FGF2 (to exclude interference To measure the migration of each daughter cell, we with FGFR signaling) for 24 hr. The resulting cell pairs generated pairs from E17 LeX-enriched cortical prowere mapped, 10 g/ml BrdU were added, and 8 hr genitor cells, as described above, photographed them later, the pairs were fixed and stained for EGFR. In pairs with asymmetric EGFR, the EGFR high daughter cell had to map their initial position, and then rephotographed The expression of these markers was highly correlate cortical clones only generate two cell types in culture-astrocytes and oligodendrocytes-and that olilated with EGFR high distribution in asymmetric pairs ( Figure 5C and Figure S1 ). astrocyte lineage. Consistent with this, in E17.5 forebrain sections, EGFR is colocalized with RC2 in cortical progenitor cells with radial morphology (Figure 5D) repeatedly during growth of these clones, while FGFR we overexpressed EGFR via retroviral infection ( Figure  7A ). In vivo, overexpression of EGFR stimulates astrodistribution does not, so that the asymmetry in the proliferation pattern is only revealed when they are grown cyte generation, but an influence on oligodendrocyte lineage cells has not been described (Burrows et al., in EGF without FGF2.
We found that the glial progeny of E15.5 cortical 1997). E14-E15 cortical cells were plated at clonal density, and on the second day in vitro, one group was progenitors grown in FGF2 fell into two categories: RC2 + NG2 + and RC2 − NG2 + ; the latter are likely to be infected with control virus and another group, with EGFR virus; the groups were grown in medium containearly oligodendrocytes. Clones growing in EGF contained a different phenotype: RC2 − NG2 − . These cells ing either 10 ng/ml FGF2 or 10 ng/ml FGF2 plus 20 ng/ ml EGF. Using 0.5-1.0 × 10 6 cfu/ml retrovirus concenhad a similar morphology to the RC2 − NG2 + oligodendrocytic cells seen in FGF-containing medium, with tration, 50%-70% cortical progenitor cells were infected. After 6 to 7 days in culture, clones were fixed small cell bodies and bipolar or multiple processes. (Figures 7C and 7D) . Coninto astrocytes, but higher levels of signaling from overexpression of EGFR results in cessation of proliferation sistent with this, the NG2 + population showed a similar change among the four groups ( Figure 7E) , 2003) . The regulates the ability of cells to respond to them. Here, we describe another mechanism for generating asymdistribution of asymmetric determinants during mitosis depends on the creation and maintenance of distinct metric cell divisions: unequal distribution of surface receptors during mitosis. We show that EGFR can be subcellular domains, and this involves polarized vesicle trafficking and retention mechanisms. Hence, it is posasymmetrically distributed during cortical progenitor cell divisions, and we provide evidence that this asymsible that asymmetric distribution of EGFR depends on the polarized trafficking of EGFR-containing vesicles, a metry, in the presence of EGFR ligand, can be a point of progenitor cell divergence.
Given that most cortical progenitors in vivo and
process requiring the normal F-actin network.
Interactions between EGFR and Numb EGFR Asymmetry during Mitosis Is Revealed
Given that Numb is asymmetrically localized at an by a Number of Independent Methods earlier stage of mitosis than EGFR and that Numb has Immunostaining of E13-E17 forebrain sections reveals a possible binding site for EGFR, it was possible that that EGFR is asymmetrically distributed in dividing corthere was a dependence on Numb for EGFR localizatical progenitor cells in both the VZ and SVZ. Of dividing tion, at least at midgestation when their asymmetry was cells expressing EGFR, approximately 20% show asymhighly correlated. However, our observations that Numb metry. We might expect the frequency of asymmetric and EGFR asymmetry do not always coincide and that divisions to be low, given that at this stage restricted EGFR asymmetry is the same in Emx1 
